We grew vertically aligned carbon nanotubes ͑CNTs͒ using microwave plasma-enhanced ͑MPE͒ and thermal chemical-vapor deposition ͑CVD͒ and characterized their field emission properties. We observe that the flickering and instability in the field emission are due to the metal particles present on the field-emission array ͑FEA͒ surface, particularly from the MPECVD-grown samples. The existence of metal particles is an obstacle to obtaining reliable emission properties. The emission properties of the CNT-FEA are studied as a function of gas-exposure time with hydrogen, nitrogen, and oxygen gases. Gas exposures affected turn-on voltage, hysteresis, and the slope of FowlerNordheim plots. We observe that the saturation of emission currents is attributed to gas adsorbates present on the surface of the FEA. Oxygen exposures induce more severe degradation on the field-emission properties than nitrogen, whereas emission properties are improved by hydrogen gas exposures that clean the surface of emitters. In addition, hydrogenation of carbon nanotubes has technical importance for activation of the CNT-FEA.
I. INTRODUCTION
Since the discovery of carbon nanotubes, 1 chemical, mechanical, and electronic properties of carbon nanotubes ͑CNTs͒ have been intensely studied, and applications to various fields have been attempted, for example, in scanning probe microscopy, gas sensors, and single-electron transistors. [2] [3] [4] CNT vacuum microelectronic devices have also been proposed, 5 specifically, the application to fieldemission displays ͑FEDs͒ has attracted much attention. High aspect ratio, mechanical hardness, high electrical conductivity, and chemical inertness of CNTs are excellent properties for FEDs, superior to the conventional metal and semiconducting field emitters. A CNT-based FED has recently been demonstrated. 6, 7 However, the field-emission properties are a function of many parameters, not only intrinsic properties such as the work function, aspect ratio, surface morphology, and the electronic structures; the properties also depend on extrinsic influences such as the surrounding gases and impurities that may be present on the surface of tips. The existence of gas molecules and impurities on the surface of CNT emitters strongly influences emission properties, which have high surface sensitivity. 8 Usually, the growth of CNTs using chemical-vapor deposition produces various defects and impurities, for instance, amorphous carbon, carbonaceous particles, and metal particles on top of the CNT tips and sometimes even inside CNTs. The effect of such defects and impurities on the emission current and stability can be minimized by the growth methods. To study the dependence of emission properties on the growth methods, we grew the CNT-field-emission arrays ͑FEAs͒ by two different chemical-vapor deposition ͑CVD͒ methods: thermal CVD and microwave plasma-enhanced CVD ͑MPECVD͒. Also, the effects of gas adsorbates are studied. The gas adsorbates on the CNT emitters are generated due to the adsorption nature of residual gases and the electric field between the anode and the CNT emitters. The high aspect ratio of CNTs is very advantageous for reducing the macroscopic field strength, but the applied field on the FEA is several hundred volts, which is still high enough to ionize residual gases. The ionized gases bombard the tips and modify tip morphologies. The influence of gas adsorbates on the CNT field emission has been reported previously, 9,10 but the bias voltage and the emission current were well outside from the operational range of the FEA. The number of emitters in previous studies was very limited, and the studies focused on single-walled nanotubes. 9, 10 The Fowler-Nordheim ͑F-N͒ plot of the CNTs shows two different regions: the first is where the current-voltage (I -V) curve fits well to the F-N equation, and the second is where the deviation of the I -V curve from the F-N equation takes place at high field regions due to current saturation. 7, 10, 11 The cause of current saturation has not been fully understood, and understanding the mechanism is important both technologically and fundamentally.
In this work, we carried out comprehensive studies to understand the effects of impurities and gas adsorbates on field-emission properties. Impurities are produced during the growth process, and gas adsorbates form during fielda͒ Author to whom correspondence should be addressed; electronic mail: leeyoung@yurim.skku.ac.kr emission processes. The variation of field-emission properties on carbonaceous and gaseous impurities needs to be studied to understand the emission behavior of the CNT-FEA.
II. EXPERIMENT
For the growth of carbon nanotubes, a p-type Si ͑100͒ substrate is used. The substrate is ultrasonically cleaned with acetone and methanol and introduced into the radio frequency ͑rf͒ magnetron sputtering chamber. Because Ni film can be detached easily from the substrate due to the thermal stress, the deposition of TiN film to improve the Ni film adhesion on Si substrate is carried out using the rf magnetron sputtering at a substrate temperature of 600°C from a gas mixture (Ar:N 2 ϭ8:2) at a pressure of a few milliTorr. To improve field emission by concentrating the electric field, selective growth is applied. For selective growth, a shadow mask of 0.7ϫ0.7 cm 2 with a hole diameter of 200 m is mounted on a TiN-deposited Si substrate during Ni sputtering. The substrate is then transferred to the thermal and MPECVD chambers. Optimum growth parameters obtained empirically in our laboratory for both CVD systems are used. In the thermal CVD system, the substrate temperature is elevated to 700°C using halogen lamps surrounding a quartz tube that is 5 in. in diameter. The thermal CVD chamber pressure is maintained at 1.8 Torr with 500 sccm of Ar gas and 100 sccm of C 2 H 2 gas. The growth conditions for MPECVD were presented previously. 12 Inside the thermal CVD system, the substrate at a temperature of 700°C is pretreated with NH 3 of 15 sccm for 2-3 min. The effect of the NH 3 pretreatment on the Ni film, the crucial role of grain size, and the morphology of Ni film on CNT growth have been well explained elsewhere. 12, 13 The scanning electron microscope ͑SEM͒ image shows the patterned thermal CVDgrown FEA in Fig. 1͑a͒ . This image clearly shows different growth rates between the edge and the center of the circular dot. The Ni catalyst decomposes hydrocarbons and forms a carbon-metal solid solution. The carbon atoms in the alloy diffuse into Ni particles, and the diffusion of carbon atoms is limited by the Ni grain boundaries, where carbon atoms start accumulating and nucleating carbon nanotubes. Therefore, the smaller grain size of Ni could shorten the diffusion length of carbon atoms and, in turn, increase the growth rate of CNTs. 12 CNTs grown in the thermal CVD show good vertical alignment and uniformity in Figs. 1͑b͒ and 1͑c͒ . The morphologies of the MPECVD-grown FEA were presented previously in the literature. 12 To study of the effect of gas exposures on carbon nanotubes, the CNT-FEA is brought into the field-emission system, where the base pressure is 5ϫ10 Ϫ7 Torr. A glass spacer 200 m thick is placed on the substrate to isolate the CNT-FEA electrically from the anode that is printed by a green phosphor on the indium-tin-oxide-coated glass. To remove the emission noise and instability, high-voltage annealing is carried out until the fluctuation of the emission currents is less than 2%. During high-voltage annealing on the MPECVD-grown samples, the emission uniformity covers the whole sample area. The emission stability improves further with a progressive increase of the turn-on voltage.
Gas exposure proceeds under precise control of the gas pressure with a leak valve. The CNT emitters at a bias of 670 V with an emission current of 2ϫ10 Ϫ6 A is exposed to nitrogen, oxygen, and hydrogen gas pressures of 2 ϫ10 Ϫ5 Torr. A high bias voltage on the emitter is maintained for gas-exposure times of 10, 100, 500, and 1000 s at an exposure pressure of 2ϫ10 Ϫ5 Torr. After each exposure, the CNT-FEA is left under zero bias and the system is again evacuated to the base pressure. To characterize the emission behavior, a high-voltage supply and a multimeter remotely controlled by the computer interface are used, and every measurement from the instruments is averaged over several hundred times for 7 min.
III. RESULTS AND DISCUSSIONS
The comparisons of the F-N plots between thermal and MPECVD-grown samples in ever, thermal CVD-grown CNT-FEA in Fig. 2͑c͒ exhibits a better emission stability and uniformity. Under our growth conditions and CVD systems, more catalytic metals such as Ni, Co, and Fe are observed inside and top of CNTs grown by MPECVD. The existence of those metal particles affects the electrical and field-emission properties. The low degree of stability and emission properties from the MPECVDgrown CNT-FEA is correlated with transition-metal particles on the CNTs. So, metal particles are very harmful to dependable operation of the FEA because the melting and evaporation of metal particles by high emission currents abruptly surge the emission currents and result in vacuum breakdown, followed by the failure of the CNT-FEA. Due to the vacuum breakdown, a complete circle of bias sweep for the F-N plot is not obtained on the MPECVD-grown samples.
According to our observations, MPECVD deposits more metal particles inside and top of carbon nanotubes, and it might be related with growth conditions or geometric configurations of our MPECVD system. Those subjects will be left for future research. However, because thermal CVDgrown CNT-FEA contains fewer metal particles, we chose it for gas-exposure experiments. The measurement of the emission currents is first carried out with increasing bias voltage, designated as ''rise'' and then with decreasing bias voltage, designated as ''fall.'' Each data point in Fig. 3 is collected by averaging over several hundred times for 5 min. In the rise bias sweep, the current saturation, indicated by arrows in Fig. 3 , is observed and results in two slopes. The current saturation occurs for all gases. However, the fall bias sweep initially shows only a single slope; in other words, no current saturation. However, after long exposures of oxygen and nitrogen, current saturations indicated by arrows in Figs. 3͑a͒ and 3͑b͒ are observed even in the fall sweep, whereas the degree of saturation in the fall sweep is stronger in oxygen. However, shown in Fig. 3͑c͒ , the current saturation in the fall sweep after long gas exposure does not occur, and additionally, the degree of hysteresis is reduced in hydrogen exposure. This result implies that the role of hydrogen gas is different from oxygen and nitrogen gases. It is manifested by the shift of F-N plots after each gas exposure. Oxygen and nitrogen exposures push the F-N plots toward the highvoltage region, whereas hydrogen exposures pull them back to the lower-voltage region.
We believe that the saturation is not contributed by the space charges, because the emission currents from the F-N plots do not keep increasing even after the saturation occurred. The emission current increases by two orders of magnitude after the current saturation. In addition, the onset field for the space charges is reported to be about 7 V/nm. 11 This field is much stronger than the field we observed the current saturation. It is possible that there are tip-tip interactions between emitters that depress the electron emission by screening the electric field near the tips.
14 However, we do not consider the tip-tip interactions because even a singlewalled carbon nanotube shows the current saturation. 10 Therefore, the current saturation is triggered by a different mechanism.
Field-emission currents are very highly responsive to the status of the emitter surface. So far, great efforts have been made to enhance the field-emission properties using the sur- face sensitivity of the field emission. [15] [16] [17] It is possible that the degradation we have seen earlier is a consequence of surface modifications due to gas adsorbates. Similarly, the current saturation can be viewed as an adsorbate effect. Gas exposure induces chemi-and physisorption of gas molecules on the surface of carbon nanotubes. In the low-voltage regime, the gas adsorbates remain on the surface of the emitters. On the other hand, in the high-voltage regime, large emission currents resistively anneal the tips, and the strong electric field on the locally heated tips promotes the desorption of gas adsorbates from the tip surface. The disappearance of the current saturation during the fall sweep strongly suggests that the current saturation is induced by the gas adsorbates. However, as shown in Figs. 3͑a͒ and 3͑b͒ , the desorption process is no longer effective after the long gasexposure time because the currents saturate again at the oxygen and nitrogen gas exposures of 1000 s. The current saturation during the fall sweep from oxygen and nitrogen gas exposures may indicate that such gas molecules still remain on the tip surface after long gas-exposure times. For increasing gas-exposure time of nitrogen in Fig. 3͑a͒ , the turn-on voltage and emission currents show a gradual degradation. Variations in the field-emission characteristics on oxygen exposures shown in Fig. 3͑b͒ are very similar to those observed in Fig. 3͑a͒ . The degree of degradation is even stronger at oxygen exposures. The similar tendencies in degradation of the emission properties resulting from oxygen and nitrogen exposures may be explained by the electronegativity and adsorption property of gases. Adsorption of materials with high electronegativity will hinder the electron emission by intensifying the local potential barriers. 18 Surface morphology can be changed by an erosion of the cap of the carbon nanotube, as the gases desorb reactively from the surface of the CNTs. 19 The observed degradations from oxygen and nitrogen gases are not found from the hydrogen exposures in Fig.  3͑c͒ . Furthermore, the hysteresis is reduced as the gasexposure time increases. The weakening of hysteresis strengthens the hypothesis of gas adsorbates. Exposing emitters to hydrogen gases removes adsorbates by bombarding the emitter surface with energetic hydrogen atoms, which consequently clean the emitters. Therefore, the current saturation during the fall sweep at large gas-exposure times from oxygen and nitrogen gases is not observed from the hydrogen gas exposures. Therefore, hydrogenation of the CNT-FEA has the technical significance for the activation of the field-emission display, whose performance is degraded due to other adsorbates.
IV. SUMMARY
We characterized the field-emission properties of the CNT-FEA under various gas exposures and growth conditions. From the I -V measurements and emission patterns, metal particles are the origin of the instability and yield serious problems in the long-time operation of the FEA. Our study reveals that current saturation originates from gas adsorbates. Hysteresis, observed during the rise and fall bias sweeps, results from the desorption of gas adsorbates at high electric fields. Effects of gas exposures on the emission properties depend on the nature of gases introduced. Oxygen and nitrogen produce similar effects on the turn-on voltage, the slope of the F-N plot, and the change of the saturation current. The stronger electronegativity of these two gases, as compared to the carbon atom, degrades the field emission with increasing turn-on voltages, reducing emission currents. In particular, oxygen gas depresses the field emission severely and even changes the tip morphology by possible oxidative etching. However, in the case of hydrogen, the emission properties are improved by simply cleaning up the surface of the CNT-FEA with atomic hydrogen.
